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Abstract 
The significance of photoautotrophic picoplankton (APP) was in- 
vestigated for three years in the eutrophic Lake Belau. Using epiflu- 
orescence microscopy with green excitation, the abundance of APP 
was found to vary seasonally with maximum values reaching 
1.7 * 106 cells ml ~ in June and July. Above a threshold of 12 °C, cell 
numbers of APP in the epilimnion were strongly correlated with the 
water temperature (r = 0.837 > r(34;0.001) = 0.526). The horizontal dis- 
tribution varied by a factor of 1.1 to 3.3. All stations in the different 
parts of the lake, including the littoral zone, exhibited asimilar sea- 
sonal pattern. Photoautotrophic picoplankton accounted for up to 
54% of the total picoplankton carbon content (bacteria nd photoau- 
totrophic picoplankton) and averaged 8% over the entire year. It 
contributed <1-29% to the total phytoplankton carbon in the pelagic 
zone and up to 47% in the littoral. Size fractionated primary produc- 
tivity determinations revealed that APP contributed between 13% 
and 17% to the total primary production in the pelagic zone during 
the period of its peak abundance and between 6% and 37% in the lit- 
toral zone. The annual averages were 6% and 7%, respectively. 
These results support he assumption that the average contributions 
of APP to phytoplankton biomass and primary production decrease 
as the trophic state of the lake increases. However, the individual 
timepoints show that APP sometimes contributes significantly to the 
primary producers in eutrophic systems, particularly in the littoral 
zone. 
Introduction 
Although cyanobacterial picoplankton (0.2-2.0 ~am; SIE- 
RURTH et al. 1978) was first observed in freshwater bodies 
(ROHDE 1955; BArnEY-WATTS et al. 1968), intensive research 
on photoautotrophic picoplankton (APP) was initiated in 
marine ecosystems (JOHNSON 8~; SIEBURTH 1979; WATERBURY 
* This paper is dedicated to Prof. Dr. HARTMUT KAUSCH on the occa- 
sion of his 60 d~ birthday. 
et al. 1979). Five years later the first reports about the signif- 
icance of APP in freshwater systems fol lowed (CRAI~ 1984; 
CARON et al. 1985), and it has already become evident hat 
APP is ubiquitous in all aquatic systems (GLOVER 1985; 
STOCKNER 8~; ANTIA 1986; STOCKNER 1991; WEISSE 1993). It 
appears that the contribution of APP to phytoplankton 
biomass and primary production decreases as the trophic 
level of the lake increases (SToCI~ER 1991). However, re- 
ports about APP in eutrophic freshwater systems are scarce 
(BURNS & STOCKNER 1991; MALINSKY-RUSHANSKY & 
BERMAN 1991; SONDERGAARD 1991), indicating the need for 
further research. In recent years, interest in the littoral zone 
as a transitional border between land and water has increased 
(WETZEL 1990). Nevertheless, research on APP has contin- 
ued to focus on pelagic systems, while the littoral zones of 
lakes have not received attention. This study of the eutrophic 
Lake Belau is the first that describes the significance of APP 
in both the pelagic and the littoral zones. 
Materials and Methods 
Lake Belan is located in Schleswig-Holstein, North Germany and 
belongs to the Bornh/3veder Seenkette. It is a eutrophic, dimictic and 
holomictic lake with a surface area of 1.1 kin 2 (M[)LLER 1981). It is 
divided into a large basin with a regular morphometry and a maxi- 
mum depth of 29 m and a shallow bay at its southern end where the 
depth is no more than 2 m. 
Weekly to monthly sampling was conducted at the deepest site 
(S1) from March 23, 1991 to October 18, 1993. Throughout the peri- 
od of summer stratification, three samples were taken in the epi- 
limnion, one in the metalimnion and two in the hypolimnion. During 
the rest of the year, samples were taken from 1 m, 5 m, 10 m, 15 m, 
20 m, and 25 m. In addition samples were taken in the middle ($2) 
and in the littoral zone (L4) of the southern bay during 1991 and in 
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the littoral zone of the main basin (LI-L3) in 1992. Station L1 was 
located in the reed zone, L2 in the zone of floating-leaved vegetation 
and L3 about 20 meters from the shore line. 
For counting photoautotrophic picoplankton, subsamples were 
preserved in formaldehyde (1% final concentration) and refrigerat- 
ed. They were filtered through a 2 pm polycarbonate Nuclepore fil- 
ter under low pressure (<50 mbar) within two weeks after sampling, 
and the picoplankton was then collected on a 0.2 ~am polycarbonate 
Nuclepore filter stained black (<500 mbar). The photoantotrophic 
cells were visualized by their autofluorescence using a Leitz ortho- 
plan epifluorescence microscope with green (530-560 nm) and blue 
(450-490 nm) excitation. Picocyanobacteria fluorescenced yellow- 
orange (phycoerythrin-rich ells) and dark red (phycocyanin-rich 
cells) under green excitation, while picoeukaryots were character- 
ized by their red fluorescence under blue excitation. Picoeukaryots 
only appeared occasionally and in very small numbers. Therefore 
for routine counting reen excitation was used. 
The cell size of the APP was measured under the microscope. 
The mean volume was calculated to be 0.9 ~tm 3 (_+ 0.39 ~m 3, 
n = 114). Cell volume was converted to carbon content Using the 
value 108 fg C cell -~, according to ROCHA & DUNCAN (1985). 
Larger phytoplankton was fixed with Lugol's solution and was 
counted under an inverted microscope (UTERMOHL 1958). Cell vol- 
umes had previously been calculated by LANDMESSER (1993), and 
the biovolume was converted to carbon content according to ROCHA 
& DUNCAN (1985). 
The abundance ofbacteria was determined under blue excitation 
after DAPI staining (PORTER & FEI6 1980) (data from MOALEDJ, 
P1On, pers. comm.) and carbon content was estimated assuming 
15 fg C cell -1 (SIMON &AZAM 1989). 
In situ primary production determinations u ing the radiocarbon 
method according to STEEMANN NIELSBN (1952) were carried out in 
1992 at the deepest site in Lake Belau (S1) and at station L1. At the 
pelagic station (S1) two light and two dark bottles of about 120 ml 
were filled with water from a depth of 1 m, and 1 ml of NaH~4CO3 
solution (25-50 pCi 1 -~ final concentration depending on the season 
and algal biomass) was added to each bottle. The bottles were ex- 
posed for four hours at about noon. During this time, the samples 
were moved up and down in the epilimnion or in the upper 8 meters 
if the lake was not stratified by a lift at a speed of 1 cm s -1. At station 
L1, two light and two dark bottles were exposed at a water depth of 
20 cm. After exposition, the samples were transported in a dark box 
to the laboratory. They were immediately filtered as described above 
for counting the picoplankton. An aliquot of 5 ml of each sample and 
each filtrate was acidified with 0.5 ml 0.1 N HC1 to a pH of 2 and 
bubbled with air for 25 minutes to eliminate the inorganic ]4C 
(ScHINDLER et al. 1972). After leaving the bottle open over night, 12 
ml Pico-aqua scintillation cocktail (Canberra Packard) were added 
to each sample. Two hours later the 14C incorporated was measured 
in a liquid scintillation analyzer (Tri-Carb 2500 TR Canberra 
Packard). To determine the total activity, 1 ml of Carbo-sorb (Can- 
berra Packard) and 5 ml of Pico-aqua (Canberra Packard) were 
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Fig. I. Seasonal abundance and vertical distribution of APP at the deepest site in Lake Belau from March 1991 to Octoberl993. Values in the 
upper panel are integrated over the whole water column (109 cells m-2). The unit of the isolines in the lower panel are  10  3 cells ml-L 
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added to 0.1 ml of each incubated sample. The production rate was 
calculated by applying the equation of VOLLENWEIDER (1974). 
Results and Discussion 
APP was present throughout the year in Lake Belau. In 1991, 
as well as in 1992 and 1993, cyanobacteria were the domi- 
nant picoalgae, while eukaryotic algae in this size class occ- 
curred only in spring in very small numbers. In the pelagic 
zone, the abundance of APP varied between 0.1"103 and 
temperature. Looking at the seasonal development of APR 
one must take into consideration the fact, that Synechococ- 
cus species have a large genetic diversity (ERNST et al. 1996)• 
There is probably a seasonal succession of different pico- 
cyanobacteria species. 
The maximal abundance of APP in Lake Belau 
(1681"103 cells m1-1) is among the greatest ever reported in 
the literature if colonial forms are not included. Except for 
the peak abundances, the values revealed by this study are 
within the range of APP concentrations commonly found in 
eutrophic systems: 0.1-800"103 cells m1-1 (BURNS & STOCK- 
1680.8"103 cells ml -I depending 
on the season and water depth 1600 
(Fig. 1). During all years of the in- 
vestigation, its seasonal abun- 1400- 
dance followed a characteristic 
,--.-, 1200- pattern.  In winter and spring, den- 7 
sities were very low and did not -E 1000- 
exceed 6"103 cells ml-k In May 
and June the numbers of cells in- ¥ 
cn 800 - creased rapidly and reached maxi- - 
mum values in the epilimnion in .o.~ 6o0-" 
summer (1991:775.7"103 cells a_ 
o_ 
ml 1; 1992:1680.8"103 cells ml 1; < 400- 
1993:378.9"103 cells ml-1). In 
August, APP abundance declined 2oo- 
drastically. This seasonal cycle of 
APP corresponds to the seasonal o 
patterns described in other fresh- 
water systems (CAROM et al. 1985; 
HAWLEY & WHITTON 1991; PICK 
& AGBET~ 1991; SONDERGAARD 
1991; STOCKNER & SHORTREED 1600 
1991). Only in 1993 did a distinct 
spring peak occur before the clear 140o- 
water phase. The densities of the 
cells exceeded 100"103 cells ml 4. ~ 12oo- 
7 
This year, there was a long period -E 100o- 
of fine weather at the beginning of 
May, which raised the water tem- 
8oo-  
perature above 12 °C and pro- - 
duced an early development of ~ 600- 
APP before the clear water phase, a_ 
cl 
This shows clearly that the spring < 400- 
peak is not a general characteristic 
of a lake. It is inconsistent with 2oo- 
the assumption of PICK 8~; AGBETI 
(1991) that the spring peak is typi- o 
cal for mesotrophic lakes. Instead, 
it seems to be dependent on the 
meteorological conditions. More- 
over, year to year differences in 
APP abundance and biomass are 
likely to be related to year to year 
differences in total irradiation and 
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Fig. 2. Horizontal variation inAPP abundance during the main periods of development i  1991 
and 1992. (SI: Deepest site in Lake Belau; $2: middle of the southern bay; LI: reed zone of the 
main basin; L2: zone of floating-leaved vegetation; L3:20 meters from the shore line; L4: reed 
zone in the southern bay). 
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NER 1991; MALINSKY-RUSHANSKY & BERMAN 1991; SONDER- 
GAARD 1991). The  annual average in Lake Belan 
(10 s cells m1-1) fits well in the pattern described by STOCK- 
NER (1991), who suggested that the values increase along a 
gradient from oligotrophic to hypertrophic waters, with a de- 
cline of average APP abundance at the border between eu- 
trophic and hypertrophic environments. 
The onset of APP development in Lake Belan appears 
to be triggered by a temperature of 12 °C. Above this thresh- 
old, the abundance of APP in the epilimnion of Lake Belan 
was closely correlated with the temperature (r = 0.837 > 
r(34;0.00t) = 0.526). Such correlations are well known from 
other studies in freshwater and marine environments (CARON 
et al. 1985; EL HAG & FOGG 1986; WATERBURY et al. 1986; 
WEISSE 1988; KENNAWAY & EDWARDS 1989; BURNS & 
STOCKNER 1991 ; PICK & AGBETI 1991; SONDERGAARD 1991 ;
MAEDA et al. 1992). In Lake Biwa (MAEDA et al. 1992) and 
five Canadian lakes (PICK & AGBETI 1991), the same thresh- 
old of 12 °C was found, whereas WATERBURY et al. (1986) 
determined a temperature of6 °C as the limit in a marine sys- 
tem. It has been critically discussed whether temperature or
other factors, such as stratification, light climate and nutri- 
ents, have the strongest impact on the development of APP 
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(CARON et al. 1985; BURNS & STOCKNER 1991; STOCKNER & 
SHORTREED 1991; WEISSE & SCHWEIZER 1991; WEISSE 
1993). In Lake Belau, temperature s ems to be the most im- 
portant physical factor because in the main part of the lake 
and in the shallow and continuously mixed south bay APP 
abundance was correlated with temperature in the same way 
and showed the same seasonal pattern of change. This hy- 
pothesis is supported by ANDERSSON et al. (1994), who in- 
vestigated the influence of temperature on the development 
of micro-, nano- and picophytoplankton from the Baltic Sea 
in laboratory experiments. Picoplankton showed the 
strongest temperature sponse, and at a temperature above 
10 °C, picoplankton attained a higher biomass-specific pho- 
tosynthesis than the other groups of autotrophs. 
Normally, in vertical profile, the abundance r ached max- 
imum values in the epilimnion, decreased in the metalinmion 
and dropped to low values in the hypolimnion. Viable APP 
with clear yellow or red fluorescence was found to a depth of 
25 m in the anaerobic and aphotic hypolimnion. Maximal 
cell densities of 75.7"103 cells ml -] were counted in this 
layer. The peak cell abundance in the hypolimnion was 
reached two to six weeks later than in the epilimnion. There 
are two ways for APP to reach the hypolimnion. The first one 
is sedimentation and the second 
one is vertical water exchange. 
14 Considering Stoke's Law, cells 
in the picoplankton size fraction 
12 ~ have negligible sinking rates 
g'-2 (FOURNIER 1971 ; BIENFANG 
10 C 1985). However, they are able to 
8 ~ sink rapidly by 
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Fig. 3. Contribution of APP to the total picoplankton (bacteria nd APP) in 1991 and 1992. 
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riod of destratification in au- 
tumn, cell numbers decreased 
more rapidly in the epilimnion 
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98 Limnologica 30 (2000) 2 
brought about a change in the vertical distribution of the 
APR which became more abundant in the deep layer. When 
the water column was completely mixed, a homogeneous 
distribution was observed throughout the vertical profile. 
In all parts of the lake, a similar seasonal pattern was ob- 
served (Fig. 2). The start of the APP development and the 
decrease in its intensity occurred simultaneously in all parts 
of the lake. The horizontal distribution varied by a factor of 
1.1 to 3.3. These values are comparable to those generally 
found for larger phytoplankters (SOMMER 1994). A similar 
range of variation of APP has been reported from Lake Con- 
stance (WE[SSE & KENTER 1991) and from the Baltic Sea 
(KuuPPO-LEINIKKI 1993). The temporal distribution and sig- 
nificance of APP in the littoral zone have never been studied 
before. It is interesting to see that the seasonal pattern of de- 
velopment is the same as in the deeper parts of the lake. In 
Lake Belau, the horizontal distribution of APP seems to be 
affected mainly by the wind. 
The picoplankton consists of bacteria nd APR The num- 
bers of bacteria varied seasonally and spatially by about one 
order of magnitude, whereas the density of APP varied by 
four orders of magnitude (10 2 to 106 cells ml-1). The percent- 
age of the APP cell density in the total picoplankton (bacteria 
and APP) varied between <1-14% (Fig. 3). However, be- 
cause their average individual biomass was eight times high- 
er they accounted for up to 54% of the total picoplankton 
biomass and averaged 8% in the middle of the lake and 7% 
in the littoral zone over the entire year. There are few values 
reported in the literature. In the oligo-mesotrophic Lake 
Maggiore, CALLIERI & PINOLINI (1995) found that APP ac- 
counted for 2% of the cell abundance and 10% of the 
biomass of the total picoplankton. In mesotrophic Llyn 
Padarn, APP accounted for 5%-15% of the total picoplank- 
ton abundance during periods of high cell numbers (KEYN- 
AWAY ~; EDWARDS 1989). In meso-eutrophic Lake Ontario, 
APP constituted up to a maximum of 39% of the prokaryote 
biomass (CARON et al. 1985). Therefore, the values found in 
Lake Belau have to be regarded as high. It appears that the 
proportion of APP in the total picoplankton i creases as the 
trophic level of the lake increases. However , this conclusion 
needs to be confirmed. 
The proportion of the total phytoplankton carbon con- 
tained in the APP varied according to the season. In the sum- 
mers of 1991 and 1993, it contained 1% to 8% of the total 
phytoplankton carbon in the epilimnion. In 1992, the per- 
centage was somewhat higher, and it reached 29% at the end 
of June. This situation was also reflected by the average per- 
centage for the year, which ranged from 1% (1991 and 1993) 
to 2.3% (1992). The situation was different in the reed belt, 
which was avoided by Ceratium, the major component of the 
phytoplankton i the pelagic zone during summer. There- 
fore, in summer the phytoplankton biomass was lower in the 
littoral zone than in the pelagic zone. As a result, APP con- 
mined up to 47% of the total phytoplankton carbon in the lit- 
toral zone; the average for the year was 5.6% (1992). 
The primary production by APP was only detectable from 
June to September, which was its main period of develop- 
ment. The seasonal pattern was well correlated with cell 
abundance. In the pelagic zone, primary production by APP 
varied between 4 mg C m-Zd -1 (2.6.92) and 119 mg C m 2 d-1 
(14.7.92); in the littoral zone it ranged from 4 mg C m 2 d -~ 
(16.6.92) to 26 mg C m -2 d -1 (28.7.92). This size fraction was 
responsible for approximately 17% of the total primary pro- 
duction in the pelagic zone and up to 37% in the littoral zone 
during times of peak abundance (Fig. 4). APP accounted for 
6% and 7% of the annual primary production in the pelagic 
and littoral zones, respectively. 
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Table 1. Contribution of APP (%) to annual primary production in the pelagic zone of freshwater lakes of different trophic state. 
(Trophic state: o - oligotrophic; m- mesotrophic; e - eutrophic; h - hypertrophic). 
Location Trophic Contribution to annual Size Reference 
state primary production fraction 
Lake Superior o 47% 0.45-3 btm 
Lake Lucerne o-m 28% <3 him 
Jack's Lake (Ontario) m 31% 0.2-2 gm 
Lake Balaton (Siofok Basin) m 52% 0.2-3 txm 
Lake Constance m-e 30% 0.2-2 pm 
Lake Belau e 16% 0.2-2 him 
Lake S empach e 11% <3 him 
Lake Balaton (Keszthely B.) h 22% 0.2-3 b~m 
FAHNENSTIEL et al. (1985) 
UEHLINGER & BLOESCH (1989) 
PICK & AGBETI (1991) 
VOROS et al. (1991) 
SCHWEIZER (1993) 
BARKMANN (this study) 
UEHLINGER & BLOESCH (1989) 
VOROS et al. (1991) 
The yearly averages upport he assumption of STOCKNER 
(1991) that the contributions of APP to primary production 
and phytoplankton biomass decrease as the trophic state of 
the lake increases (Table 1). However, the yearly averages 
alone provide a distorted picture, especially in the case of 
APE which has a distinct seasonal pattern of development. 
The contributions by APP of 12%-47 % of the phytoplankton 
biomass and up to 37% of the primary production in the lit- 
toral during the summer months, and maximal values of 29% 
and 17% in the pelagic zone show that APP contributes ig- 
nificantly to phytoplankton in eutrophic systems at times, 
particularly in the littoral zone. 
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